Abstract-Power systems are nonlinear dynamic systems, in which the chaotic modes occurrence is possible. Chaotic modes are potentially dangerous for the equipment, the system stability and survivability as a whole. We consider the possibility of timely chaotic modes detection of electric power systems due to the system parameters bifurcations. The research task and early detection of such modes are important today for improving the reliability and survivability of power systems. The research goal is developing the algorithm of identifying chaotic modes of electric power systems in real time using vector measurement data. To achieve this goal the problems of modeling chaotic modes, determining indicators, which identify chaotic modes are solved. Modeling is performed by numerical integration of differential equation systems. The result is an algorithm for identifying chaotic modes, its verification is carried out by the mathematical simulation.
I. INTRODUCTION
Chaotic modes of electric power systems are complex nonperiodic types of modes that can lead to the violation of the electric power system stability [1] and damage of the main equipment [2] . Determining the parameters of such modes occurrence is an urgent task to prevent their implementation in practice as well as forecasting the possible transition of an electrical system to the chaotic regime. Timely identification of the power system chaotic regime will improve the electric power system stability and survivability. Researches in this field are conducted by domestic and foreign scientists. In [3] general theoretical approaches to the chaotic oscillations identification are described, in [4] the features of this regime type are discussed. In papers [6] [7] [8] [9] [10] [11] [12] [13] [14] the issues of stability and survivability of electric power systems in chaotic modes are considered including those caused by bifurcation parameters of a system [7, 9, 14 ] . In chaotic modes of electric power systems the state variable oscillations can take place with relatively small amplitudes [9] , not going beyond the reference document scope. This fact complicates their identification. One of the scientific identification problems is the choice of an indicator, which helps to identify reliably such modes, and developing a detection algorithm, which can be used in devices of the electric power systems emergency automatics.
II. PROBLEM SETTING
We consider the power system ( Fig. 1) , consisting of three generators connected by loss-free lines. For the present system we determine the possibility of chaotic modes occurrence. We will conduct the modeling of the power system dynamics under different initial conditions and disturbances with different generator parameters.
In modeling we will identify the system parameters which can be used for identifying chaotic modes. We develop the chaotic modes determination algorithm.
III. THEORY
Chaotic processes represent complex non-periodic oscillations of system mode parameters. Such processes are known to take place in various physical systems [3, 7, 9] .
A characteristic feature of such processes and their difference from others is a continuous frequency spectrum and phase portrait of system parameter changes by way of complicated, nonrecurring trajectories in the phase space localized in certain area. This type of a phase portrait is called a strange attractor [9] .
In electric power systems the regime parameters which fluctuations are analyzed are the ω frequency (frequency deviation ∆ω) and the δ generator rotor angle.
The occurrence of chaotic modes is possible only in nonlinear systems with multiple sources or energy storage units. The occurrence of chaotic modes is most likely in isolated power systems with distributed generation characterized by relatively small capacities and generator response time. The transition occurs, as a rule, from the steady state or periodic oscillations to chaotic ones via regime parameter bifurcations.
In general such bifurcation reasons are very diverse. In power systems these reasons may be the following: a violent perturbation, a change of any parameter (in this case, it is called a bifurcation parameter [11, 13, 14] ).
In our research we consider chaotic processes, arising from the bifurcation of regime parameters caused by the violent perturbation.
In the electric power system that includes multiple generating sources, chaotic oscillations arising after violent perturbations can lead to the system synchronism and stability loss [2, 12] . To identify the real-time chaotic dynamics of a system we use Lyapunov characteristic exponents [15] .
The mathematical definition of Lyapunov exponents can be given by using the equation of a nonlinear dynamic system
. We differentiate it with respect to the initial value x 0 . As a result we receive
, we rewrite (1) and obtain From this definition it follows that characteristic Lyapunov exponents represent an average coefficient (speed) of expansion or compression of i-th measurement in the R n phase space of a dynamical system. If this coefficient is positive, then the difference between the initial conditions will grow in a particular direction on the phase trajectory. Otherwise, the difference will decrease in a particular direction on the phase trajectory. The stable regime is characterized by the exceedance of the reduction over the
The intrinsic property of chaotic fluctuations is the fact that among Lyapunov exponents even one will be positive [9] . For the modes of equilibrium points and periodic fluctuations all Lyapunov exponents will be negative. For threedimensional systems in chaotic modes the signs of Lyapunov exponents are: (+, 0,- The criterion for the chaotic modes occurrence is the availability of even one positive Lyapunov exponent. It is sufficient to determine a sign of the largest Lyapunov exponent.
Due to chaotic regime properties, in the expression (4) the algorithm of chaotic modes detection is developed on the Lyapunov exponent basis.
To implement the algorithm the Wide Area Measurement System (WAMS) is needed to measure frequency values and angles for each generator in real time and to transmit the measured data to a data processing center.
The computing algorithm
According to measurement data frequency and angular vectors are formed:
T -the quantization period, T N -the measurement interval, m -the number of the studied generators. 
where i -i-th component ) ( и P i ,D i , B ij , G ij , Т ji , E irespectively generated active power, the damping winding energy, the reactive conductivity, the active conductivity, the response time and EMF of the i-th generator. We transform the equation parameters:
can be approximated by the subsequent measured frequencies: (6) for ΔТ seconds, we obtain:
We repeat the integration technique on the whole interval N times. Then the largest Lyapunov exponent on this interval, is calculated as follows
IV. MODELING THE POWER SYSTEM DYNAMICS
The analysis of chaotic oscillations onset was carried out for the electric power system (Fig.1) with loss-free lines.
The effect of generator damper windings is not taken into account in modeling. Two generators (1 and 2) are assumed to be identical and have greater response time than the third one. The response time ratio:
Then the power system dynamics can be described by a set of oscillation equations, obtained from (5):
We perform the integration of (9) 
The solution of the system (9) under the given parameters and initial conditions is shown in Fig. 2 In dynamics of an electric power system the time dependence and phase portraits of state parameters have been obtained. Assessing the nature of the rotor angles change (Fig.  2) and the angular frequency deviations (Fig. 3) it is possible to draw a conclusion on the chaotic nature of oscillations. This conclusion is confirmed by the phase portrait (Fig. 4) , which is a strange attractor.
In addition modeling the system (9) the interesting phenomenon has been discovered -when exceeding critical time (for the system c 12 .
) the destruction of the chaotic regime occurs and the system loses its stability (Fig.  5 ).
For the system (9) the senior Lyapunov exponent has been determined on the proposed algorithm 23 . 0
. The positive sign of the Lyapunov exponent also indicates the chaotic processes nature.
VI. RESULTS DISCUSSION
Time dependence and phase solution portraits of the system are received in the modeling result (9) . They demonstrate the complex dynamics of an electric power system in the chaotic regime. It is also shown that chaotic oscillations whose amplitude is within the acceptable limits can cause the loss of the power system stability.
Having applied the identification algorithm of chaotic modes in the studied system under, we have received the senior positive Lyapunov exponent, which corresponds to a chaotic regime and is confirmed by the simulation results.
In the studied system a few assumptions were introduced, however, the efficiency of the algorithm is unaffected.
VI. CONCLUSION
In the paper the dynamics of electric power systems has been analyzed. The possibility of the chaotic modes identification in electrical power systems has been considered.
The algorithm has been developed, using the Lyapunov characteristic exponent and the sign of the senior index as an indicator to identify chaotic modes of electric power systems in real-time. To check the performance of the algorithm the mathematical modeling has been performed, time dependence and phase portraits, which identify the type of regime, have been constructed. The simulation results have confirmed the algorithm correctness.
The application of the proposed algorithm is possible in the system of emergency control automatics of electric power systems in the presence of the electricity synchronized vector measurements system, which allows estimating the necessary parameters in real-time. To improve the performance of the chaotic regime identification technique, the neural networks using the developed algorithm can be applied.
